Polypropylene (PP) capillary-channeled polymer (C-CP) films have parallel, μm-sized channels that induce solution wicking via capillary action. Efficient mass transport from the solution phase to the channel surface leads to adsorption of hydrophobic protein solutes. The basic premise by which C-CP films can be used as media to manipulate analyte solutions (e.g., proteins in buffer), for the purpose of desalting or chromatographic separation prior to MALDI-MS analysis is presented here. Cytochrome c and myoglobin prepared in a Tris-HCl buffer, and ribonuclease A, lysozyme, and transferrin prepared in phosphate buffered saline (PBS), are used as the test solutions to demonstrate the desalting concept. Protein analysis is performed after deposition on a C-CP film with and without a water washing step, followed by spray deposition of a typical sinapinic acid matrix. Extracted MALDI mass spectra exhibit much improved signal-to-noise characteristics after water washing. A mixture of cytochrome c and myoglobin (2 μL of 2.5 μM each in Tris-HCl buffer) was applied, washed with water and spatially separated via simple capillary action (wicking) using a reversed-phase solvent composition of 0.1% trifluoroacetic acid (TFA) in 50:50 acetonitrile (ACN):H 2 O. Subsequent application of sinapinic acid followed by imaging of the film using MALDI-MS reveals that as the protein solution is wicked down the film, separation occurs.
Introduction
T hin layer chromatography (TLC) provides benefits over column chromatography methods due to the simplicity and versatility of the technique [1, 2] . One of the primary downsides of TLC is the ambiguous nature of spot identification. Analytical determinations often require excision and/or dissolution prior to assay, resulting in non-quantitative recoveries, increased risk of contamination and analysis time, and analysis (solely) of removed spots. Online coupling of TLC with mass spectrometry detection began in the 1990s, involving a number of ion/atom/photon bombardment methods [3] [4] [5] . Key in each of these methods is the need to ablate analyte species that exist within the sorbent matrix. Therefore, the probe beam must penetrate the medium or some form of extraction/transfer of the solutes (i.e., blotting) from the medium must be employed. The advent of matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) provided further impetus for the TLC profiling of biomacromolecules [6] [7] [8] [9] . MALDI-MS analysis generally involves extraction of solutes to the secondary sorbent followed by application of the MALDI matrix to affect co-crystallization. Direct MALDI from TLC plates has also been described, addressing the transfer issues [9] .
Buffers typically employed in the processing of biological samples can be detrimental in MALDI (and electrospray ionization (ESI)) mass spectrometry, resulting in solute ionization suppression and formation of adducts that complicate spectral interpretation. The removal of buffer species (a.k.a., desalting) is achieved by use of a sorbent/chromatographic solid phase extraction (SPE) medium, followed by elution of proteins into solvents compatible with the ionization process [10, 11] . This occurs de facto in TLC due to different migration rates of macromolecules and salts [12, 13] .
Capillary-channeled polymer (C-CP) fibers have been explored in this laboratory for their use in protein chromatography and SPE [14] [15] [16] [17] [18] [19] . C-CP fibers have several positive attributes towards macromolecular separations, most importantly enhanced mass transfer efficiencies that allow very rapid separations with high recoveries [15, 17] . C-CP fibers can be extruded from a number of common polymers, affecting a range of surface chemistries with low materials cost. Relevant here, the C-CP fibers have also been implemented in a micropipette tip format as a sorbent for desalting proteins prior to ESI-MS [18] . C-CPs can also be extruded in~5 mm wide film format, with parallel channels as presented in the electron micrographs of Figure 1 . The channels (~5-40 μm in width) create capillary forces that result in the ability to spontaneously move solutions along the film. Radial diffusion in the channels promotes efficient solute-surface interactions; effectively yielding parallel TLC channels. Thus, different from Lebrilla and coworkers who used a single open CE channel [20] , the films present parallel channels of smaller dimension affording solute desalting and separations via wicking action rather than electrophoretic forces. In addition, there is no buffer/electrolyte residue in the ablation zone as in the case of the CE channel.
Demonstrated here is the concept of using C-CP films as processing platforms for protein analysis by MALDI-MS. Different from the aforementioned applications of TLC-MALDI-MS, the proteins reside on the surface of the polymer channels; therefore no extraction step is necessary. Samples can be desalted or separated on C-CP films via wicking action in seconds. The long-term goal is to generate a phase that is more practical than conventional TLC plates, can be tailored to specific analytes, allows for low sample and solvent consumption (μL), and can be imaged directly. 
Experimental

Chemicals and Reagents
Film Preparation and Sample Spotting
Polypropylene (PP) C-CP films were melt-extruded at the Clemson University School of Materials Science and Engineering (Clemson, SC, USA). Films are also available from a commercial source, Specialty and Custom Fibers, LLC (Clemson, SC, USA). Film segments were conditioned sequentially with water, methanol, and acetonitrile to remove any production residues. The films were attached via double-sided tape to a conventional steel MALDI target prior to application of the solutions. For all on-film analysis, 2 μL of protein solution was spotted and allowed to dry (G1 min.) before any additional treatments occurred. Protein solution residues were washed by applying 9 μL of DI-H 2 O to the loaded protein. After 5 s, the water was pipetted back off of the film. In the case of the protein separation and film imaging ( Figure 3 ), a 2 μL aliquot of the working protein solution was applied to one end of a 2 cm long film and washed as previously described, with the separation of the Figure 1 . SEM micrographs of a polypropylene (PP) C-CP film; (a) cross section and (b) channel structure proteins initiated using 9 μL of eluent, resulting in transport down the plurality of the channels. The respective solutions were dried under ambient conditions and the matrix solution applied using a chromatography reagent sprayer (Sigma Aldrich). Use of a sprayer (as opposed to wicking) ensures the integrity of the chromatographic separations.
MALDI Analysis
Analyte spectra were obtained on a Bruker Daltonics (Billerica, MA, USA) microflex LRF, MALDI-TOF mass spectrometer in the positive ion, linear mode. Instrument control and data processing occurred in the Compass (Bruker Daltonics) software environment. The microflex is equipped with a nitrogen laser (337 nm) operating at a pulse rate of 60 Hz. Mass spectral acquisitions occurred using 200 laser shots at 79% laser power. C-CP film imaging utilized a beam diameter of~100 μm, and a 200 μm raster, recording spectra at every other coordinate position (e.g., 1, 3, 5, etc.). Spectral background (B) and noise (N) used in calculating S/ B and S/N values in Table 1 are based on the average and standard deviation of the signals in a 100 Da mass window centered 2000 Da below that of the respective protein molecular ions.
Results and Discussion
In order to assess the potential utility of the C-CP films as MALDI substrates, an initial comparison between the responses using a standard steel target and a cast polypropylene film was performed. In each case, 2 μL of the protein test solution (2.5 μM each of cytochrome c and myoglobin in 100 mM Tris-HCl) was allowed to dry, followed by the spray application of matrix. The results of these experiments are presented in Table 1 using normalized, arbitrary units. Clearly seen is the superior ion yield of the well-developed metal target. Ablation from the flat PP film results in a significant reduction in analyte ion intensities, though the film-ablated protein responses do show better signal-to-background (S/B) values. The lower protein ion yields from the polymer film are likely due to a number of reasons, including photon penetration/absorption into the polymer, differences in the extraction height (film is 0.5 mm above the metal target), and distortions of the electrostatic fields in the near surface region affecting extraction. Introduction of the channel structure of the C-CP films results in further degradation of the observed spectral quality as depicted in the entries for cytochrome c and myoglobin in the left-hand portions of Table 1 and shown in Figure 2a . In this case, there is no discernible signal for the myoglobin constituent, and so MW and S values are not reported. In addition to the reduced ablation/ionization efficiencies described for the cast PP film substrate, there are likely geometric aspects limiting the incident photons reaching the channel bottoms as well as potential disturbances of the resultant plume formation. It is important to note that in each of these cases where desalting is not performed, large amounts The ability to selectively isolate protein species within the C-CP film channels is demonstrated in Figure 2b , with the quantitative figures of merit included in the right-hand portion of Table 1 . In this case, 9 μL of DI-H 2 O was added to the film segment after the initial solution had dried, with the solution pipetted back off the film after 5 s of interaction.
The proteins are selectively retained via their hydrophobic interaction with the polymer while the water-soluble buffers are removed. While the overall intensities (S) here do not match those of the metal target (Table 1) , there is an appreciable improvement in S, S/N, and S/B upon completing the simple desalting step. The myoglobin signal, previously indistinguishable from spectral background values of~1 AU shows a particularly impressive improvement of 950×. While (Figure 2b) , there is also a dramatic decrease in the mass-dependent continua and buffer related signals upon on-film desalting of the sample.
To further demonstrate utility of the C-CP films, three additional proteins (ribonuclease A, lysozyme, and transferrin) present in a different buffer solution, 150 mM PBS, were evaluated before and after desalting. As presented in Table 1 , the improvement in signal intensity is~3× for ribonuclease A, while that for transferrin is far more substantial. As was seen previously for myoglobin, the lysozyme signal increased from a non-detectible value of~1 to 80, the result of removing the suppressing salt species. Across the group of proteins, the spectral background levels do increase upon desalting, while the standard deviation of the backgrounds do not change as much. Thus, the improvements in S/N are generally better upon desalting than S/B. As would be hoped, the films' desalting abilities appear to be equally effective for these five proteins in two different buffer/salt systems.
Included in Table 1 are the determined molecular weights (MW) and respective peak widths for each of the test proteins and target materials. The peak widths for this MALDI-MS should result in resolving powers (m/Δm) of~1000. In the case of the two-protein mixture in Tris buffer on the steel target, it is clear that the presence of buffer has led to an erroneous MW assignment due to adduct formation as well as pronounced peak broadening beyond what would be expected for neat protein solutions. As described above, it would not be unexpected that the insulating nature of the polymer films would perturb the extraction efficiencies of the target ions. This is seen first in the MW and peak widths for the flat PP film, and also for the C-CP films. Errors in mass accuracy could also be attributed from the fact that the mass scale was calibrated for the metal target. Mass calibration from a film target and recessing the film into the metal substrate (to have equivalent laser focus and ion extraction distances) might be expected to alleviate some of the problems. It is clear, though, that the use of the C-CP film does not detract from the mass analyzer performance figures of merit beyond the flat film itself, though offering the capacity for greatly improved signal characteristics. One final point of relevance for transferrin is the fact that the broad peak is not unexpected for MALDI-MS of glycoproteins. In fact, the presence of intact, glycosylated protein may indicate a particular attractive feature of this method.
The second potential advantage of using C-CP films as MALDI-MS substrates lies in the ability to achieve chromatographic separations. The realization of this aspect is demonstrated in Figure 3 . Seen in Figure 4a are the MALDI-MS images of C-CP films wherein the first 3 mm of the film is used as an initial deposition zone. The film images appear as colored dots (red and green representing cytochrome c and myoglobin, respectively), generated by the Compass software, using a 25% threshold. In film A, 2 μL of the protein:buffer solution was applied, allowed to dry, and a 9 μL aliquot of DI:H 2 O applied to the end of the film using a syringe as described above for the short film segment. Mass spectra derived from this region are ostensibly the same as the data of Table 1 , reflecting the desalting of the test solution.
As in the case of conventional TLC, spatial separation/ segregation of proteins is achieved on the C-CP films by elution with organic solvents. In reversed-phase HPLC on PP C-CP fiber columns, separations occur via gradient elution using an ACN: H 2 O combination containing 0.1% TFA as an ion paring agent [17] . To demonstrate the potential to affect differential mobility of the myoglobin/cytochrome c pair, a simple 50:50 ACN:H 2 O solvent composition was chosen. As shown in the MALDI-MS image of film B in Figure 3a , as well as the extracted mass spectra of Figure 3b and c, this solvent system results in separation of the two proteins. Specifically, cytochrome c is seen to elute approximately 1.1 cm down the film, while myoglobin, which has a greater affinity for the film surface moves only a short distance from the deposition zone. These results are in agreement with previous HPLC separations wherein cytochrome c elutes at lower solvent strength than myoglobin [17] .
Conclusions and Future Work
The principle of using C-CP films as processing platforms to affect desalting and separation of proteins has been demonstrated. While there are reductions in overall sensitivity in comparison to metal target deposition, as well as some degradation of MS performance, there are many paths forward toward improving the overall response, including use of films of fewer channel number to spatially restrict the solution, detailed study of the role of channel:laser beam orientation, and modification of ion extraction parameters. By the same token, there is a wealth of opportunities in the realm of protein solution processing, both from the simple desalting perspective as well as achieving higher resolution separations. Many challenges remain, but the overall simplicity, flexibility, and practicality of the approach is believed to warrant further development and applications.
